Caspase-3 is a major cell death effector protease in the adult and neonatal nervous system. We found a greater number and higher density of cells in the cortex of caspase-3 ؊/؊ adult mice, consistent with a defect in developmental cell death. Caspase-3 ؊/؊ mice were also more resistant to ischemic stress both in vivo and in vitro. After 2 h of ischemia and 48 h of reperfusion, cortical infarct volume was reduced by 55%, and the density of terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling-positive cells was decreased by 36% compared with wild type. When subjected to oxygen-glucose deprivation (2 h), cortical neurons cultured from mice deficient in caspase-3 expression were also more resistant to cell death by 59%. Mutant brains showed caspase-specific poly-(ADP-ribose) polymerase cleavage product (85-kDa fragment) in vivo and in vitro, suggesting redundant mechanisms and persistence of caspase-mediated cell death. In the present study, we found that caspase-8 mediated poly(ADP-ribose) polymerase cleavage in caspase-3 ؊/؊ neurons in vivo and in vitro. In addition, mutant neurons showed no evidence of compensatory activation by caspase-6 or caspase-7 after ischemia. Taken together, these data extend the pharmacological evidence supporting an important role for caspase-3 and caspase-8 as cell death mediators in mammalian cortex and indicate the potential advantages of targeting more than a single caspase family member to treat ischemic cell injury.
C
aspases play an essential role during apoptotic cell death (1, 2) . Among 14 distinct caspases, caspase-3 is crucial during neuronal development and under pathological conditions including cerebral ischemia (3) (4) (5) . Caspase-3 is also the most abundant cysteine aspartase expressed in adult rodent brain and caspase-3-like enzyme activity and activated caspase-3 subunits are detected in ischemic tissues by immunoblotting and immunohistochemistry (6, 7) . Treatment with peptide-based caspase inhibitors protects brain from mild ischemic injury and improves neurological deficits (8) (9) (10) . We extend the findings above by studying ischemic mechanisms in caspase-3 Ϫ/Ϫ brain in vivo and in vitro.
Unlike the caspase-3 Ϫ/Ϫ mice generated on a 129͞Sv background, caspase-3 Ϫ/Ϫ mice bred on a C57BL͞6 background survive until adulthood (11) (12) (13) . These mice are congenitally deaf because of a defect in the development of the organ of Corti (14) but are otherwise phenotypically normal. By using these mice, we addressed whether selective caspase-3 inhibition or pancaspase blockade might be more therapeutically useful in ischemic injury. First, we asked whether ischemic injury was attenuated after caspase-3 deletion in vivo by using a distal middle cerebral artery occlusion model. Second, we addressed intrinsic cellular mechanisms related to caspase-3 deletion by studying cell death in enriched neuronal cultures subjected to oxygen-glucose deprivation (OGD). Because of persistent terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining and cleaved poly(ADP-ribose) polymerase (PARP; 85 kDa) in both caspase-3 Ϫ/Ϫ -cultured neurons and within the ischemic brains of mutant mice, we searched for redundant activation of caspase(s) and explored the role of other caspases including caspase-6, -7, and -8 in the absence of caspase-3.
Materials and Methods
Caspase-3 ؊/؊ Mice. Animal care and experimental protocols complied with National Institutes of Health Guide for the Care and Use of Laboratory Animals (15) . Generation and characterization of caspase-3 Ϫ/Ϫ mice and their WT littermates were described (11) . Caspase-3 Ϫ/Ϫ mice were backcrossed to C57BL͞6 mice for at least five generations and resulting offspring were subsequently bred to generate homozygous offspring that survive more than 6 months. Genotyping of the offspring was performed by PCR of tail DNA extracts and by Western blot of caspase-3 proforms.
Ischemia Model. Transient occlusion of the middle cerebral artery (MCA) was performed as described (16) . Adult caspase-3
and WT littermate mice (6-8 weeks) were anesthetized and rectal temperature was maintained at Ϸ37°C. An incision was made between the right ear and orbit, followed by a 1-mm craniotomy. The MCA was ligated distal to the lenticulostriate branches with 10-0 monofilament nylon. Regional cerebral blood flow was monitored by Laser Doppler (PF2B, Järfälla, Sweden) and was reduced from 100% to Ͻ35% after middle cerebral artery occlusion (MCAO) in all animals. Two hours after ischemia, the MCA ligature was removed and the animals were killed at 24 and 48 h after reperfusion. Randomly selected animals (n ϭ 4 per group) were monitored for physiological parameters including blood pressure (mmHg), heart rate (beats per min), rectal temperature, and arterial blood gases as described (8, 17) .
(n ϭ 7) and WT littermate (n ϭ 9) mice were killed 48 h after reperfusion. Ten-micrometer coronal brain sections were cut on a cryostat (Microm, HM505 E, Walldorf, Germany). Five sections from anterior striatum to posterior hippocampus were selected, taken at equally spaced 1.5-mm intervals. Infarct size was determined on hematoxylin͞eosin-stained sections as described (17, 18) .
Murine Neuronal Cell Cultures and OGD. Primary mouse neurons were prepared from E14-E15 embryos as described (19, 20) . Because of the scarcity of caspase-3 Ϫ/Ϫ mice, we impregnated caspase-3 Ϫ/ϩ adult female mice with caspase-3 Ϫ/ϩ adult males. Cortical cells from individual embryos were plated onto 48-well Falcon plates or 25-mm dishes at a density of 200,000 per cm 2 . Cultures on in vitro day 9-10 from WT and caspase-3 Ϫ/Ϫ embryos were selected for in vitro studies. When specified, neuronal cultures were also obtained from embryos of WT C57BL6 pregnant mice (Charles River Breeding Laboratories). OGD was performed in murine neocortical cell cultures and cell death was quantified by using Hoechst staining for condensed or fragmented nuclei as reported (20) .
TUNEL. TUNEL staining was performed as described (21) . For in vitro studies with TUNEL labeling in neuronal cell cultures, the chromogen diaminobenzidine was used (DeadEnd kit, Promega). For in vivo studies, the in situ Cell Death Detection kit was used (Roche Molecular Biochemicals) with either diaminobenzidine or streptavidin-conjugated Bodipy as chromogen.
RT-PCR. Total RNA was isolated from normal or ischemic and contralateral cortex (n ϭ 4 per group) reperfused for 24 h and subjected to RT-PCR by using the mouse primers for caspase-8 as described (21) .
and WT mice (n ϭ 5 per group) were killed 24 h after reperfusion. Immunohistochemical staining was performed as described (21) with few modifications. Primary antibodies (1:1,000, rabbit polyclonal antisera unless specified otherwise) were MF467 (against caspase-3 p33), SK441 (caspase-8 p55), SK440 (caspase-8 p18), and G734 (PARP p85; 1:100, mouse mAb; Promega). Appropriate biotinylated goat anti-rabbit or anti-mouse IgG (1:300; Vector Laboratories) were used as a secondary antibody. In control brain sections, incubation of primary antibodies was skipped. Double staining of cells containing a caspase plus NeuN (a neuronal marker) or TUNEL was performed. Brain sections were incubated with streptavidin-conjugated Cy3 (1:1,000, Jackson ImmunoResearch) for 30 min. The sections were then incubated with NeuN (mAb, 1:300, Chemicon) for 1 h then with Bodipy FL-conjugated anti-mouse IgG (1:200, Molecular Probes). The sections were visualized on a Leica DMRB͞Bio-Rad MRC 1024 confocal microscope. For Bodipy FL, excitation and emission filters were 488 and 522 nm, respectively. For Cy3, excitation and emission filters were 568 and 585 nm, respectively. Stereology. Total neuron counts (NeuN-positive cells; n ϭ 6 animals per group) were performed by using standard stereological optical dissector methods (22) on 10-m coronal brain sections stained with cresyl violet. Data were recorded by using the Bioquant Image Analysis System (Nashville, TN). Four sections were selected from anterior striatum, posterior striatum, anterior hippocampus, and posterior hippocampus levels of the left hemisphere. The boundaries were the cingulate gyrus dorsally and medially, and the medial entorhinal cortex ventrally. The number of neurons was estimated by using Ϸ200 optical dissectors (50 ϫ 50 m per dissector with extended exclusion lines). Neuronal density was calculated by dividing the sum of the neurons counted by the product of counting frame area and the section thickness, and total neurons was estimated by multiplying the neuronal density by the reference volume (22) .
Western Blotting. Brain homogenates of animals subjected to MCAO and lysates of neuronal cultures were obtained as described (20, 21) . Liver homogenates from caspase-3 Ϫ/Ϫ mice and WT mice injected with anti-Fas antibody (Jo-2) were obtained as described (13) . Equal amounts of protein (20-30 g per lane) were separated by SDS͞PAGE and then transferred to Immobilon-P membranes (Millipore). Probing of membranes with appropriate antibodies and detection of proteins of interest were according to procedures described (20, 21) . Unless specified otherwise, immunoblots of two to three independent experiments were obtained in all studies. Statistical Analysis. Data are presented as mean Ϯ SEM unless specified otherwise. Statistical comparisons were made by Student's t test or ANOVA as described (21, 22) . P Ͻ 0.05 was considered statistically significant.
Results
Phenotypes of Adult Caspase-3 ؊/؊ Mice. PCR was used to check the genotype of caspase-3 Ϫ/Ϫ and WT mice (in vivo studies) or embryos used for cell cultures (in vitro studies). Caspase-3 proform on immunoblots was constitutively expressed in brains and neuronal cultures of WT littermates, but not in caspase-3 Ϫ/Ϫ mice (not shown). The gross macroscopic features of adult caspase-3 Ϫ/Ϫ forebrain, brainstem, and cerebellum did not differ significantly from WT littermates, contrasting to that described in neonatal caspase-3 Ϫ/Ϫ mice bred on a different genetic background (129͞Sv; refs. 11 and 12). The cerebral vasculature as visualized by carbon black perfusion (23) was normally developed. The circle of Willis was complete and the anastomosing vessels connecting anterior and middle cerebral arteries were equivalent between strains (not shown). Brain weights for the two adult strains were similar, although cortical gray matter was hypercellular in caspase-3 Ϫ/Ϫ mice (Fig. 1) . The density of neurons (NeuN-positive cells) determined by stereology was 26% greater in caspase-3 Ϫ/Ϫ cortex (11.2 Ϯ 2.2 ϫ 10 6 ͞mm grossly between groups at the light microscopic level and the proportion of glial cells to neurons is approximately similar between wild type and mutants as reported (11, 12) . Physiological parameters (n ϭ 4 per group) including blood pressure, heart rate, cerebral blood flow, arterial pH, p a CO 2 , p a O 2 , and rectal temperature before and after MCAO did not differ between groups (not shown).
Neuroprotection in Caspase-3 ؊/؊ Mice. In vivo studies. At 48 h after reperfusion, infarct size was significantly smaller (by 55%) in caspase-3 Ϫ/Ϫ mice compared with their WT littermates. Mean values were 10.7 Ϯ 4.9 in caspase-3 Ϫ/Ϫ mice vs. 23.5 Ϯ 3.6 in WT littermates (mm 3 , P Ͻ 0.05; Fig. 2A ). Infarct area from section 3 (S3) was significantly decreased (P Ͻ 0.05; Fig. 2B ). Tissue injury was less severe in the caspase-3 Ϫ/Ϫ mice with more normal appearing neurons throughout the lesion (Fig. 2C) . In situ TUNEL staining was used to evaluate the contribution of DNA fragmentation to neuronal cell death after MCAO. The number of TUNEL-positive cells was dramatically decreased in caspase-3 Ϫ/Ϫ cortex compared with WT littermates (Fig. 2D) . 
1%).
In vitro studies. To assess whether caspase-3 deletion renders cultured neurons more resistant to cell death after OGD treatment, we counted cells with condensed or fragmented nuclei by using Hoechst stain from three WT cultures paired with three mutant cultures. More than 95% of Hoechst positive cells showing nuclear condensation or fragmentation were also TUNEL positive (Fig. 3A) . We observed significantly less cell death (by 59%) in the caspase-3 Ϫ/Ϫ neurons (52 Ϯ 7% vs. 21 Ϯ 6% control, P Ͻ 0.02; Fig. 3 B and C) . When zVAD.fmk (100 or 300 M) was added to mutant cultures, an additional protection (by Ϸ55%, P Ͻ 0.02 between nontreated group and zVADtreated group at either concentration) was observed (Fig. 3D) , suggesting involvement of caspase(s) other than caspase-3 in apoptotic cell death.
PARP Cleavage and Caspase Activation in Caspase-3 ؊/؊ CNS. We detected the 85-kDa immunoreactive PARP cleavage fragment within nuclei of ischemic neurons in situ from both WT (not shown) and caspase-3 Ϫ/Ϫ mice ( Fig. 4A ) and on immunoblots in vivo (Fig. 4B) . Similarly, the 85-kDa PARP cleavage fragment was present in caspase-3 Ϫ/Ϫ neurons after OGD (Fig. 4C) , and We next evaluated caspases-6, -7, and -8 as potential candidates for PARP cleavage in caspase-3 Ϫ/Ϫ cells. Despite expression of the proforms of caspases-6 and -7, caspase-7 cleavage was not detected in ischemic cortical tissues of caspase-3 Ϫ/Ϫ or WT mice (data not shown). Furthermore, cleavage of procaspase-6 or procaspase-7 was not detected after OGD, as well (Fig. 5A) . The antibodies we used [caspase-6 Ab (no. 9762), cleaved caspase-7 Ab (no. 9491) from Cell Signaling Technology] did detect cleaved caspase-6 (15 kDa; data not shown) and cleaved caspase-7 fragment (19 kDa; Fig. 5B ), respectively, in liver lysates of Jo2-treated caspase-3 Ϫ/Ϫ mice as expected from a previous report (13) .
PARP was cleaved by caspase-8 to yield an 85-kDa fragment as documented after activation of caspase-8 by granzyme B (24) or by death-inducing signaling complex (25) . We therefore asked whether caspase-3 deficiency modified the expression and cleavage of caspase-8 and whether PARP cleavage was mediated by caspase-8 in the presence of caspase-3 deficiency. Procaspase-8 was constitutively expressed in cortical cells coexpressing NeuN within all cortical laminae of caspase-3 Ϫ/Ϫ mice (Fig. 6A) and WT mice, and no apparent differences were detected between the two groups. After ischemia, active caspase-8 (p18) was found in the cytoplasm of cells only within the ischemic zone and many were also TUNEL-positive (Fig. 6A) . The density of caspase-8 p18 positive cells was not different between groups (data not shown). Twenty-four hours after ischemia, caspase-8 mRNA expression was up-regulated by about 2.5-fold in both groups with no significant differences (Fig. 6C) . These data suggest that caspase-8 was processed similarly in brains of both mutant and WT mice after ischemia. To determine whether caspase-8 cleaves PARP in mutant and WT brain, we next treated brain homogenates with recombinant active caspase-8 (Fig. 6D) . The 85-kDa PARP fragment was detected in caspase-3 null homogenates and was suppressed by cotreatment of active caspase-8 with a caspase-8 inhibitor, zIETD.fmk (200 M; Fig. 6D ). The 85-kDa PARP fragment did not appear after incubation of caspase-3 Ϫ/Ϫ brain homogenates with recombinant active calpain, or cathepsin D (data not shown).
Discussion
Caspase-3, the most abundant caspase family member, is constitutively expressed as an inactive precursor in murine brain cells, chiefly neurons (6) . The evidence for caspase-3 expression in adult rat brain seems less clear, at least in certain strains (26, 27) . During ischemia, caspase-3 is cleaved and activated whereupon it degrades multiple substrates in cytoplasm and nucleus leading to cell death. Injury to brain and spinal cord activates caspases-3, -8, -9, -11 (6, 21, (28) (29) (30) (31) , and caspase inhibitors abrogate ischemic injury, especially during milder insults. Neu- roprotection in mice deficient in caspase-3 expression (Fig. 2 A) is comparable with what we observed after i.c.v. administration of caspase inhibitors zDEVD.fmk or zVAD.fmk after MCA occlusion (32) . In the in vitro OGD paradigm, caspase inhibitor zDEVD.fmk also abrogated neuronal death, and active caspase-3 was detected by immunoblots after OGD at 6 h and most strongly at 24 h (20). The studies above are limited, however, by the lack of selectivity of caspase inhibitors. Thus, to confirm directly the important role of caspase-3 in mediating ischemic neuronal death, we studied neurons cultured from caspase-3 Ϫ/Ϫ mice. The caspase-3 Ϫ/Ϫ mice, bred from heterozygotes on a C57BL͞6 mice background, seem to grow and develop like the WT. Despite cortical hypercellularity (Fig. 1) , the composition of CNS cell types including glial cells and neurons was similar to WT mice (11, 12) . These mice were resistant to ischemic injury after 2 h of reversible distal MCA occlusion. The lesion, confined to cortical gray matter, was reduced by 55% from WT littermate controls. Blood flow distal to the occlusion and the anatomy of the circle of Willis did not differ between groups (carbon black perfusion). Consistent with the in vivo findings, caspase-3 mutant cultures showed less cell death (Ϸ59%) after OGD reflecting intrinsic resistance to injury and cell death in caspase-3 Ϫ/Ϫ cells rather than to differences peculiar to organogenesis. Although the increased cell density in mutant brains could confound the observed neuroprotective effect in vivo, the resistance of caspase-3 Ϫ/Ϫ murine brain may be understated because of differences in cell density between strains. A greater cell density imposes greater metabolic demands and blood flow requirements that exaggerate the mismatch that develops during ischemia between reduced blood flow (oxygen delivery) and increased tissue metabolism (oxygen demand). In other ischemic paradigms, this disparity causes more ischemic injury (33, 34) . Taken together, the in vivo and in vitro data support a role for caspase-3 in neuronal death induced by ischemia and the significance of this caspase in rendering cells more resistant to ischemic stress.
Despite deletion of the caspase-3 gene, we observed features of apoptotic-like neuronal death both in vivo and in vitro [i.e., 85-kDa PARP cleavage fragment, TUNEL-positive cells, cells with condensed nuclei (Figs. 2D and 3A ), plus protection with zVAD.fmk in caspase-3 Ϫ/Ϫ cultures after OGD (Fig. 3D)] . Therefore, we explored the possibility that redundant caspases cleaved PARP in ischemic cell death. PARPs are nuclear enzymes that repair DNA and include many members from PARP-1 to -4, and VPARP (35) . Cleavage of PARP (mainly PARP-1) to an 85-kDa fragment is preferentially mediated by caspase-3 (36, 37), although it can also be cleaved by other caspases less efficiently. In addition to caspase-3, other caspases that can cleave PARP to the 85-kDa fragment include caspase-7 (38, 39), caspase-6 (40), and caspase-8 (24, 25) . Caspase-8 can cleave PARP-2, as reported (41) .
Previously, compensatory activation of caspase-6 and -7 was reported for liver cells deficient in caspase-3 when treated with anti-Fas antibody, ␥-and UV-irradiation (13) . In our experiments, we focused on studying caspases-6, -7, and -8 in relation to the findings that PARP is cleaved in caspase-3 Ϫ/Ϫ ischemic neurons in vivo and in vitro. However, cleavage of caspases-6 and -7 was not found in caspase-3 Ϫ/Ϫ cultures subjected to OGD despite constitutive presence of both (Fig. 5A) . The lack of caspases-6 and -7 activation in the nervous system unlike that in the liver of caspase-3 Ϫ/Ϫ mice ( Fig. 5B; ref. 13 ), suggests that stimulus-specific or organotypic differences may exist in caspase regulation, and that caspases-6 and -7 may not play a major role in mediating PARP cleavage in ischemic mutant neurons, despite their constitutive expression. In contrast, caspase-8 was activated in caspase-3 Ϫ/Ϫ neurons after cerebral ischemia (Fig.  6A) , and recombinant caspase-8 cleaved PARP to the 85-kDa fragment in caspase-3 Ϫ/Ϫ brain homogenates (Fig. 6D) . Furthermore, the appearance of the 85-kDa PARP fragment was partially suppressed after adding zIETD.fmk, a caspase-8 inhibitor, to mutant cultures subjected to OGD (Fig. 4C) . Altogether, our data support a redundant role for caspase-8 in mediating PARP cleavage in caspase-3 Ϫ/Ϫ neurons. In addition, the colocalization of active caspase-8 with TUNEL-positive neurons (Fig. 6A) suggests a role for caspase-8 in mediating cell death, as further supported by our preliminary results that zIETD.fmk (100 M) also attenuated neuronal death in caspase-3 Ϫ/Ϫ cultures (not shown).
Caspase-8-mediated cleavage of PARP was much less robust in caspase-3 Ϫ/Ϫ brain extracts (Fig. 6D) , as compared with WT control, suggesting that in WT nervous tissue, PARP cleavage by caspase-8 is mainly mediated by caspase-3, perhaps from direct activation of caspase-3 by caspase-8 (42) .
In summary, our findings indicate that genetic deletion of caspase-3 renders neurons resistant to mild ischemic injury in vivo and in vitro. Redundant mechanisms such as activation of caspase-8 promote cleavage of caspase substrates and persistent apoptotic-like cell death. Taken together, the data suggest that broad-spectrum caspase inhibition may afford more complete neuroprotection than single caspase targeting, and that PARP cleavage after hypoxia and ischemia in caspase-3-deficient neurons is, in part, mediated by caspase-8.
